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ABSTRACT
The deuterium enrichment of molecules is sensitive to their formation environment. Constraining
patterns of deuterium chemistry in protoplanetary disks is therefore useful for probing how material
is inherited or reprocessed throughout the stages of star and planet formation. We present ALMA
observations at ∼ 0.6′′ resolution of DCO+, H13CO+, DCN, and H13CN in the full disks around
T Tauri stars AS 209 and IM Lup, in the transition disks around T Tauri stars V4046 Sgr and
LkCa 15, and in the full disks around Herbig Ae stars MWC 480 and HD 163296. We also present
ALMA observations of HCN in the IM Lup disk. DCN, DCO+, and H13CO+ are detected in all
disks, and H13CN in all but the IM Lup disk. We find efficient deuterium fractionation for the
sample, with estimates of disk-averaged DCO+/HCO+ and DCN/HCN abundance ratios ranging
from ∼0.02–0.06 and ∼0.005–0.08, respectively, which is comparable to values reported for other
interstellar environments. The relative distributions of DCN and DCO+ vary between disks, suggesting
that multiple formation pathways may be needed to explain the diverse emission morphologies. In
addition, gaps and rings observed in both H13CO+ and DCO+ emission provide new evidence that
DCO+ bears a complex relationship with the location of the midplane CO snowline.
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1. INTRODUCTION
Beyond the Solar System, a rich chemistry has been
observed in molecular clouds (e.g. Nummelin et al. 1998;
Schilke et al. 2001), around protostars (e.g. Bisschop
et al. 2008; O¨berg et al. 2014; Jørgensen et al. 2016),
and increasingly in protoplanetary disks (O¨berg et al.
2015b; Walsh et al. 2016). The chemical connection be-
tween these interstellar environments and the Solar Sys-
tem is not yet fully understood. Models indicate that
some species, such as water, remain intact from the par-
ent molecular cloud throughout the process of plane-
tary system formation, while other molecules, such as
methanol, may initially be destroyed at the protoplane-
tary disk stage and then re-form (e.g. Visser et al. 2009;
Furuya & Aikawa 2014; Cleeves et al. 2014b). These pre-
dictions can now be tested more easily through ALMA
observations and measurements from space-based mis-
sions.
Observations of deuterated and non-deuterated iso-
topologues of molecules are often used to probe the in-
terstellar medium and the Solar System because the
sensitivity of their relative abundances to their physi-
cal environment facilitates inferences about whether the
jane.huang@cfa.harvard.edu
molecules underwent chemical reprocessing at a given
evolutionary stage (e.g. Meier et al. 1998; Roueff et al.
2007; Qi et al. 2008). In the interstellar medium (ISM)
of the Milky Way, the elemental ratio of deuterium to hy-
drogen (the D/H ratio) varies from ∼ 0.5×10−5–2×10−5
(e.g. Wood et al. 2004; Sonneborn et al. 2000; Pro-
danovic´ et al. 2010). In contrast, molecular D/H ra-
tios have been observed to be several orders of magni-
tude greater for a number of species (e.g. Watson 1976;
Walmsley et al. 1987; Jacq et al. 1993; van Dishoeck
et al. 1995; Ceccarelli et al. 2001; Caselli et al. 2003).
This enhancement, known as deuterium fractionation, is
favored at low temperatures because of the lower zero-
point energies of the deuterated forms of the molecular
ions that initiate the formation pathways of many ISM
molecules (Dalgarno & Lepp 1984).
Deuterium fractionation starts from a limited number
of exchange reactions, such as (Millar et al. 1989):
HD + H+3 
 H2 + H2D+ (1a)
HD + CH+3 
 H2 + CH2D+ (1b)
HD + C2H
+
2 
 H2 + C2HD+ (1c)
The zero-point energy of H2D
+ is lower than that of
H+3 by ∼ 640 K. (Ramanlal et al. 2003), while the zero-
point energy of CH2D
+ is lower than that of CH+3 by
ar
X
iv
:1
70
1.
01
73
5v
2 
 [a
str
o-
ph
.SR
]  
10
 Fe
b 2
01
7
2∼ 1100 to 1200 K (Roueff et al. 2013). (Note that while
there is also a zero-point energy difference between HD
and H2, the differences for the molecular ions are large
enough such that the overall reactions are still exother-
mic.) H2D
+ becomes abundant below ∼ 30 K, both be-
cause of the increased difficulty of overcoming the energy
barrier to re-form H+3 from H2D
+ (∆E ∼230 K) and
because of the freezeout of molecules that can destroy
H2D
+ (e.g. Pagani et al. 1992; Roberts & Millar 2000).
Because of the relatively high abundance of H+3 , H2D
+
is the dominant deuteron donor below 30 K (Roberts &
Millar 2000). However, reactions 1b and 1c are more
exothermic than reaction 1a, with ∆E ranging from 480
to 660 K for 1b (Roueff et al. 2013) and ∼ 550 K for 1c
(Herbst et al. 1987). Hence, CH2D
+ and C2HD
+ sur-
vive more easily in warmer gas compared to H2D
+, but
the reverse reactions for 1b and 1c occur readily above
∼80 K, so CH2D+ and C2HD+ dominate over H2D+
between 30 and 80 K (Roberts & Millar 2000).
Because of their relatively high abundances and acces-
sible rotational transitions, DCO+ and DCN are among
the primary tracers of deuterium chemistry in the inter-
stellar medium (e.g. Roueff et al. 2007; O¨berg et al. 2012;
Gerner et al. 2015). Detailed discussions of their forma-
tion pathways are provided in Watson (1976), Millar
et al. (1989), Aikawa & Herbst (2001), Willacy (2007),
and Ceccarelli et al. (2014). We provide a brief overview
of significant reactions below.
DCO+ is thought to form in the gas phase, primarily
via
H2D
+ + CO→ H2 + DCO+. (2)
This formation pathway is analogous to the primary one
for HCO+ (Dalgarno & Lepp 1984):
H3
+ + CO→ H2 + HCO+. (3)
Like H2D
+, DCO+ would only be expected to be abun-
dant below ∼30 K (Millar et al. 1989).
Compared to DCO+ and HCO+, DCN and HCN
have more complex formation pathways in the interstel-
lar medium. The disk models presented in Furuya &
Aikawa (2014), Aikawa et al. (2015), and O¨berg et al.
(2015a) predict that the major HCN formation mecha-
nisms proceed in the gas phase through small hydrocar-
bons or their cations:
CH+3 + e
− → CH2 + H (4a)
CH2 + N→ HCN + H (4b)
and
C + H2 → CH2 + hν (5a)
CH2 + N→ HCN + H (5b)
and
CH2 + O→ HCO + H (6a)
HCO + N→ HCN + O (6b)
The roles of these pathways in interstellar HCN for-
mation were previously described in Mitchell 1984 and
Herbst et al. 2000. Based on laboratory experiments, hy-
drogenation on grains has also been proposed as an HCN
formation pathway in the interstellar medium (Borget
et al. 2016), but assessing the degree to which such a
mechanism would influence HCN abundances in disks
would require additional chemical modeling.
The primary DCN formation mechanisms are thought
to be (e.g. Millar et al. 1989; Turner 2001)
CH2D
+ + H2 → CH4D+ + hν (7a)
CH4D
+ + e− → CHD + H2 + H (7b)
CHD + N→ DCN + H (7c)
and
CH2D
+ + e− → CHD + H (8a)
CHD + N→ DCN + H (8b)
CHD may also react with O to form DCO, which then
undergoes substitution with N to form DCN. Because
DCN production is largely initiated by CH2D
+ rather
than H2D
+, DCN is expected to peak in abundance at
higher gas temperatures than DCO+ (e.g. Millar et al.
1989; Aikawa & Herbst 1999b).
The models discussed so far suggest that in situ disk
fractionation chemistry sets the molecular abundance
profile, especially for DCO+. Consequently, due to the
different temperature dependences of the primary DCN
and DCO+ formation pathways, the two molecules are
presumed to trace different regions of protoplanetary
disks. The vertical structure of a protoplanetary disk
consists of a cold midplane in which volatile species
freeze out onto dust grains, a warm molecular layer
above the midplane, and a surface layer in which high
UV radiation leads to photodissociation of molecules
(Aikawa & Herbst 1999b; Aikawa et al. 2002). As a
result, disk models typically predict that DCO+ exists
mostly near the cold midplane of the outer disk, while
DCN peaks in abundance in the warmer interior regions
(e.g. Aikawa & Herbst 1999a, 2001; Willacy 2007).
This picture of spatially differentiated DCN and
DCO+ distributions in disks is qualitatively consistent
with observations of DCN and DCO+ in the TW Hya
and HD 163296 disks, the only protoplanetary disks in
which sufficiently resolved observations have previously
been published for both molecules (Qi et al. 2008; O¨berg
et al. 2012; Yen et al. 2016). Models suggest, though,
that such distributions are not necessarily universal in
disks. Based on recent upward revisions of the exother-
micity for reaction 1b, which indicate that CH2D
+ may
be abundant up to gas temperatures of 300 K (Roueff
et al. 2013), Favre et al. (2015) proposed that the pri-
mary formation mechanisms for DCO+ in disks could
instead be
CH2D
+ + O→ DCO+ + H2 (9)
3and
CH4D
+ + CO→ DCO+ + CH4, (10)
where CH4D
+ is derived from CH2D
+. DCO+ would
then no longer be limited to the cold outer disk mid-
plane, and could instead be abundant in the inner disk.
Another reaction that could produce DCO+ in the warm
inner disk is (Adams & Smith 1985):
HCO+ + D→ DCO+ + H. (11)
Furthermore, the following two pathways have been
proposed for DCN production in cold gas (Willacy
2007):
H2D
+ + CO→ H2 + DCO+ (12a)
DCO+ + HNC→ DCNH+ + CO (12b)
DCNH+ + e− → DCN + H (12c)
and
D+3 + HNC→ DCNH+ + D2 (13a)
DCNH+ + e− → DCN + H, (13b)
where D+3 formation is initiated by H2D
+. If these al-
ternative pathways are active in disks, the distributions
of DCN and DCO+ may not always show the differen-
tiation that has been observed in the TW Hya and HD
163296 disks.
Another motivation for examining deuterium fraction-
ation in a range of disk types is that most theoreti-
cal studies of protoplanetary disk chemistry have been
based on models of full T Tauri disks (e.g. Aikawa &
Herbst 1999a; Willacy 2007; Walsh et al. 2010; Furuya
& Aikawa 2014). More theoretical attention has recently
been paid to the chemistry of transition disks and disks
around Herbig Ae stars, but has not yet directly ad-
dressed deuterium fractionation (Jonkheid et al. 2007;
Cleeves et al. 2011; Bruderer 2013; Walsh et al. 2015).
The radiation fields and temperature structures of tran-
sition disks and Herbig Ae disks may lead to substan-
tially different chemistry; the presence of a gap in a tran-
sition disk increases the exposure of the outer disk mid-
plane to radiation from the central star (e.g. Cleeves
et al. 2011), while Herbig Ae stars have higher UV
fluxes, lower X-ray fluxes, and warmer disks than T
Tauri stars (e.g. Schreyer et al. 2008; Panic´ & Hoger-
heijde 2009). Herbig Ae and T Tauri stars may also
have differing wind levels, which can affect cosmic-ray
ionization and accretion in disks (e.g. Bai & Stone 2013;
Cauley & Johns-Krull 2014; Cleeves et al. 2014a). Thus,
it is useful to examine the generalizability of existing
disk models by seeking observational constraints on how
the abundance profiles of deuterated molecules may be
linked to spectral type and overall disk morphology.
To explore the distribution patterns of DCN and
DCO+ in protoplanetary disks, we used the Atacama
Large Millimeter/submillimeter Array to observe the
J = 3 − 2 lines of DCO+, DCN, H13CO+, and H13CN
at sub-arcsecond spatial resolution in a diverse sample
of six disks. We describe the sample selection in Section
2 and the observations and data reduction in Section 3.
Results are presented in Section 4. The chemical and
physical implications of the observations are discussed
in Section 5. A summary is presented in Section 6.
Table 1. Stellar Properties
Source R.A. Decl. Sp. L∗ Age M∗ M˙ Teff Dist. Ref.
(J2000) (J2000) Type (L) (Myr) (M) (10−9 M yr−1) (K) (pc)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
AS 209 16 49 15.30 -14 22 08.6 K5 1.5 1.6 0.9 51 4250 126 1–4
IM Lup 15 56 09.18 -37 56 06.1 M0 0.93 1 1.0 0.01 3850 161a 4–7
V4046 Sgr 18 14 10.47 -32 47 34.5 K5, K7 0.49, 0.33 24 1.75b 0.5 4370 72 8–12
LkCa 15 04 39 17.80 +22 21 03.5 K3 0.74 3–5 0.97 1.3 4730 140 3, 4, 13, 14
MWC 480 04 58 46.27 +29 50 37.0 A4 11.5 7 1.65 126 8250 142 14–17
HD 163296 17 56 21.29 -21 57 21.9 A1 30 4 2.25 69 9250 122 16–18
aIM Lup values for L∗ and age (Galli et al. 2015), M∗ (Pinte et al. 2008), and M˙ (Gu¨nther et al. 2010) were derived using an older
distance estimate of 190 pc.
bStellar mass listed is the sum of the binary masses
References—(1) Herbig & Bell (1988), (2) Andrews et al. (2009), (3) Najita et al. (2015), (4) Gaia Collaboration et al. (2016), (5)
Galli et al. (2015), (6) Pinte et al. (2008), (7) Gu¨nther et al. (2010), (8) Quast et al. (2000), (9) Rosenfeld et al. (2012), (10) Bell et al.
(2015), (11) Donati et al. (2011), (12) Torres et al. (2006), (13) Espaillat et al. (2010), (14) Simon et al. (2000), (15) Kenyon et al.
(1994), (16) Donehew & Brittain (2011), (17) Montesinos et al. (2009), (18) van den Ancker et al. (1998)
4Table 2. Disk Properties
Source Disk Type Disk Incl.a Disk P.A.a Disk Massb RCO Systemic vel. Ref.
(deg.) (deg.) (M) (AU) (km s−1)
(1) (2) (3) (4) (5) (6) (7) (8)
AS 209 T Tauri full 38 86 0.015 340 4.6 1, 2, 3, 4
IM Lup T Tauri full 50 144.5 0.17 970 4.4 5, 6
V4046 Sgr T Tauri transition 33.5 76 0.028 365 2.9 7
LkCa 15 T Tauri transition 52 60c 0.05–0.1 900 6.3 8, 9
MWC 480 Herbig Ae full 37 148c 0.11 460 5.1 3, 8, 10
HD 163296 Herbig Ae full 48.5 132 0.17 540 5.8 11, 12
aDisk geometry derived from modeling millimeter/sub-millimeter CO emission
bDisk masses derived from dust continuum observations except for V4046 Sgr, which is derived from 12CO observa-
tions. All quoted estimates assume the ISM gas-to-dust ratio of 100:1.
cThe tabulated position angle (P.A.) values differ from those given in Pie´tu et al. 2007, which defines P.A. in terms
of the rotation axis. We converted these values using the convention that P.A. is the angle east of north made by
the disk semi-major axis.
References—(1) Andrews et al. (2009), (2) Tazzari et al. (2016), (3) O¨berg et al. (2011b), (4) Huang et al. (2016),
(5) Cleeves et al. (2016), (6) Panic´ et al. (2009), (7) Rosenfeld et al. (2012), (8) Pie´tu et al. (2007), (9) Isella et al.
(2012), (10) Chiang et al. (2001), (11) Flaherty et al. (2015), (12) Isella et al. (2007)
2. SAMPLE SELECTION AND
CHARACTERISTICS
The sample, chosen to span a range of spectral types
and disk morphologies, consists of two T Tauri stars
with full disks (AS 209 and IM Lup), two T Tauri stars
with transition disks (V4046 Sgr and LkCa 15), and
two Herbig Ae stars with full disks (MWC 480 and HD
163296). To enable comparisons between the distribu-
tions of DCN and DCO+, the targets were mainly chosen
from disks in which DCO+ had previously been observed
in DISCS: The Disk Imaging Survey of Chemistry with
the Submillimeter Array (O¨berg et al. 2010, 2011b).
The typical spatial resolution of the previous observa-
tions was on the order of several arcseconds, compared
to ∼ 0.6′′ in this work. The angular resolution of ∼ 0.6′′
translates to physical scales of ∼ 70–80 AU for most of
the targets, which corresponds to the scales at which
previous observations and disk chemistry models indi-
cate that their emission substructures could be resolved
(e.g. Aikawa et al. 2002; Willacy 2007; Qi et al. 2008;
O¨berg et al. 2012; Mathews et al. 2013). DCO+ was not
detected in the MWC 480 disk in DISCS, but this disk
was selected as a target for the ALMA survey because it
is considered a “benchmark” Herbig Ae disk (e.g. Man-
nings & Sargent 1997; Pie´tu et al. 2007; Grady et al.
2010). The HD 163296 disk was also included in the
survey as the only Herbig Ae disk in which DCO+ had
previously been detected (Mathews et al. 2013). Of the
sources in the survey, DCN has only previously been de-
tected in the LkCa 15 and HD 163296 disks (Qi 2001;
Yen et al. 2016). O¨berg et al. (2010) and O¨berg et al.
(2011b) reported non-detections of DCN for the other
targets.
3. OBSERVATIONS AND DATA REDUCTION
3.1. Observational Setup
Table 3. Targeted Lines
Transition Frequency Eu Sijµ
2
(GHz) (K) (D2)
DCO+ J = 3− 2 216.11258 20.74 45.62
DCN J = 3− 2 217.23853 20.85 80.50
H13CN J = 3− 2 259.01180 24.86 80.20
H13CO+ J = 3− 2 260.25534 24.98 45.62
HCN J = 3− 2 265.88643 25.52 80.20
We observed the J = 3 − 2 lines of DCO+, DCN,
H13CO+, and H13CN, which have upper energy levels
of ∼ 20 to 25 K, comparable to the gas temperatures
at which DCN and DCO+ are expected to be abun-
dant. H13CN and H13CO+ were targeted rather than
the main isotopologues because the corresponding tran-
sitions of the latter are expected to be optically thick
in disks (Thi et al. 2004). The properties of the tar-
geted transitions, taken from the Cologne Database for
Molecular Spectroscopy (Mu¨ller et al. 2001, 2005), are
summarized in Table 3.
5The six disks were observed during ALMA Cycle
2 (project code [ADS/JAO.ALMA#2013.1.00226.S]) in
two Band 6 spectral settings. The array configuration
and calibrators for each observation are described in Ta-
ble 4. The 1.1 mm setting, which targeted H13CN and
H13CO+ J = 3−2, was configured with 14 spectral win-
dows (SPWs). The 1.4 mm setting, which targeted DCN
and DCO+ J = 3 − 2, was configured with 13 SPWs.
Details of the spectral setups are listed in Tables A1
and A2. Because narrow spectral windows were needed
to achieve high spectral resolution for the targeted lines,
each observation used the bandwidth-switching mode, in
which calibrators were observed in wider spectral win-
dows in order to improve the signal-to-noise ratio. For
observations spanning multiple execution blocks, the in-
dividual blocks were first imaged separately to check for
consistency. 1
Table 4. ALMA Observation Details
Source Date Setting Antennas Baselines On source Bandpass Phase Flux
(m) int. (min) Cal. Cal. Cal.
(1) (2) (3) (4) (5) (6) (7) (8) (9)
Cycle 2 Observations
AS 209 2014 July 17 1.1 mm 32 20–650 21 J1733-1304 J1733-1304 Titan
2014 July 2 1.4 mm 34 20–650 21 J1733-1304 J1733-1304 Titan
IM Lup 2014 July 17 1.1 mm 32 20–650 21 J1427-4206 J1534-3526 Titan
2014 July 6 1.4 mm 31 20–650 21 J1427-4206 J1534-3526 Titan
V4046 Sgr 2015 May 13 1.1 mm 36 21–558 21 J1924-2914 J1826-2924 Titan
2014 June 9 1.4 mm 33 20–646 21 J1924-2914 J1802-3940 J1924-2914
LkCa 15/MWC 480a 2014 June 15 1.1 mm 33 20–650 21 J0510+1800 J0510+1800 J0510+1800
2014 July 29 1.4 mm 31 24–820 12 J0510+1800 J0510+1800 J0510+1800
2015 June 6 1.4 mm 37 21–784 12 J0510+1800 J0510+1800 J0510+1800
HD 163296 2014 July 16 1.1 mm 32 34–650 13 J1733-1304 J1733-1304 J1733-1304
2015 May 13 1.1 mm 36 21–558 21 J1733-1304 J1733-1304 Titan
2014 July 2 1.4 mm 34 20–650 21 J1733-1304 J1733-1304 J1733-1304
2015 May 13 1.4 mm 36 21–558 13 J1733-1304 J1733-1304 Titan
Cycle 3 Observations
IM Lup 2016 May 1 1.1 mmb 41 15–630 12 J1517-2422 J1610-3958 Titan
aLkCa 15 and MWC 480 were observed in the same scheduling blocks.
bThese observations were also at 1.1 mm, but the spectral setup differs from the Cycle 2 observations and is described in more detail in
Appendix A.
Because H13CN was not detected in the IM
Lup disk, we also present observations of HCN
J = 3 − 2 from ALMA Cycle 3 (project code
[ADS/JAO.ALMA#2015.1.00964.S. ]). Details of the
array configurations and spectral setup are provided in
Tables 4 and A3.
Images from an earlier reduction of the IM Lup DCO+
and H13CO+ observations were first published in O¨berg
et al. (2015a) as part of their analysis of CO ice desorp-
1 The DCO+ and DCN lines for the MWC 480 and LkCa 15
disks were also observed for three minutes each on 2015 July 25,
but these observations were not combined with the other two 12
minute execution blocks because of the poorer signal-to-noise ratio
and uv coverage. An additional execution block was also originally
delivered for the 1.4 mm setting of HD 163296, but the ALMA
helpdesk subsequently advised excluding it from analysis due to
poor weather.
tion in the outer disk. Earlier reductions of the H13CN
data for MWC 480 were first presented in O¨berg et al.
(2015b) in an analysis of cyanide abundances. These
data are presented again in this work in conjunction
with new data for a consistent analysis of deuterium
fractionation for the full sample. The H13CN data for
all six disks are also discussed further in an analysis of
14N/15N fractionation in Guzma´n et al. (2017).
The spectral setups with multiple narrow windows
were configured to search for other lines in addition to
the four targeted for the deuterium survey. Because
those searches are outside the scope of the present sur-
vey, they will be discussed in separate publications. In
addition to the papers mentioned above, results from
the secondary line searches have also been presented in
Huang & O¨berg (2015), Huang et al. (2016), and Cleeves
et al. (2016).
63.2. Data Reduction
Initial flux, phase, and bandpass calibrations of the
data were performed by ALMA/NAASC staff. The
Butler-JPL-Horizons 2012 model was used for Titan,
the flux calibrator for about half the observations. The
quasar flux calibration models for the other observa-
tions, as well as modifications of the models specified in
the scripts provided by ALMA/NAASC, are described
in Table A4. In addition, the calibration scripts were
modified for the 1.1 and 1.4 mm settings of AS 209, 1.4
mm setting of V4046 Sgr, 1.1 mm setting of IM Lup,
and 1.1 and 1.4 mm settings of HD 163296 to scale visi-
bility weights properly2 and executed in CASA 4.4.0 to
re-calibrate the visibilities.
Subsequent data reduction and imaging were also
completed with CASA 4.4.0 for the Cycle 2 data and
CASA 4.5.3 for the Cycle 3 data. For each disk, the 258
GHz continuum was phase self-calibrated by obtaining
solutions from combining the line-free portions of the
spectral windows in the upper sideband of the 1.1 mm
setting. The continuum was then imaged by CLEAN-
ing with a Briggs robust weighting parameter of 0.5.
The self-calibration tables produced from the 258 GHz
continuum data were then applied to the SPWs cover-
ing the H13CN and H13CO+ lines. Likewise, phase self-
calibration of the SPWs covering the DCN and DCO+
lines was performed using solutions obtained from com-
bining the line-free portions of the SPWs in the lower
sideband of the 1.4 mm setting and phase self-calibration
of the IM Lup HCN data was performed using solutions
from combining the line-free portions of the upper side-
band SPWs.
Table 5. Properties of the 258 GHz Dust Continuum
Source Fcont
a Peak flux densitya Beam (PA) Detected Radius
(mJy) (mJy beam−1) (AU)
AS 209 350.7±1.4 87.8±0.2 0.′′43× 0.′′42 (67.◦9) 190
IM Lup 276±2 72.7±0.2 0.′′44× 0.′′37 (70.◦8) 310
V4046 Sgr 422.6±1.2 64.8±0.2 0.′′52× 0.′′43 (−80.◦4) 110
LkCa 15 204.4± 0.7 39.0±0.2 0.′′58× 0.′′42 (−11.◦40) 200
MWC 480 373.1± 1.1 195.5±0.3 0.′′67× 0.′′39 (−6.◦3) 200
HD 163296 857± 5 203.5±0.3 0.′′52× 0.′′40 (−89.◦99) 260
aUncertainties do not include 15% systematic flux uncertainties
As a preliminary step for choosing CLEAN and spec-
tral extraction masks for the lines, the radius of the
millimeter dust disk was estimated by using the Python
package scikit-image (van der Walt et al. 2014) to fit
ellipses to the 3σ contours of the 258 GHz continuum
images, where σ is the rms measured from a signal-free
portion of the continuum map. Since the radii, listed
in Table 5, are based on the detected extent of the mil-
limeter dust emission, they are not necessarily similar to
the often-derived characteristic radius values, which de-
scribe the radius at which the surface density transitions
between a power-law profile in the inner disk and an ex-
ponentially declining profile in the outer disk (Hughes
et al. 2008).
The 258 GHz continuum flux densities were obtained
by integrating interior to the 3σ contour. Continuum
fluxes and rms values are listed in Table 5. The statis-
tical uncertainty of the continuum flux for each source
was estimated by using the elliptical fit to the 3σ con-
tour to measure flux densities at 500 random signal-free
positions in a 25′′ × 25′′ continuum image, then taking
the standard deviation of these measurements.
After self-calibration, the continuum was subtracted
in the uv-plane from the SPWs containing the targeted
lines. Most lines were imaged and CLEANed down to a
3σ threshold at a binned resolution of 0.5 km s−1 using
a Briggs parameter of 1.0 and CLEAN masks based on
the emission in each channel. Signal-free channels from
the image cubes were used to calculate σ values. SPWs
without strong, well-resolved line emission (targeting
H13CN and DCN in the MWC 480 and HD 163296 disks,
and H13CN in the LkCa 15 disks) were CLEANed with
a Briggs parameter of 2.0 for better sensitivity. Since
their emitting region is more ambiguous, we used ellip-
tical CLEAN masks based on the position angles and
inclinations listed in Table 2 and the millimeter dust
disk radii estimates listed in Table 5. For the IM Lup
disk, we used elliptical masks based on the extent of the
HCN emission.
2 See https://casaguides.nrao.edu/index.php/
DataWeightsAndCombination
7Table 6. Line observations
Source Line Int. Moment Chan. Mask Int. Beam (PA)
range zero rms rms axis Flux
(1) (2) (3) (4) (5) (6) (7) (8)
AS 209 H13CO+ 1.5–7.5 8.2 4.2 4′′ 230± 30 0.′′49× 0.′′47 (−174.◦5)
DCO+ 1.5–7.5 10. 5.1 4′′ 480± 30 0.′′63× 0.′′60 (−75.◦6)
H13CN 1.5–7.5 8.7 4.0 3.′′5 210± 30 0.′′51× 0.′′49 (−11.◦0)
DCN 1.5–7.5 11. 5.4 3.′′5 340±30 0.′′63× 0.′′60 (−78.◦1)
IM Lup H13CO+ 2.0–7.0 6.7 3.6 7.′′5 390± 40 0.′′47× 0.′′41 (+77.◦6)
DCO+ 2.0–7.0 5.5 2.8 7.′′5 490± 20 0.′′65× 0.′′48 (−82.◦4)
H13CN 1.5–7.5 7.1 3.6 7.′′5 <60a 0.′′49× 0.′′42 (+80.◦0)
DCN 1.5–7.5 6.1 2.9 7.′′5 90±13b 0.′′67× 0.′′49 (−74.◦3)
HCN 1.5–7.5 11. 4.8 7.′′5 3300±70 0.′′55× 0.′′54 (11.◦0)
V4046 Sgr H13CO+ -1.0–7.0 9.1 3.4 8′′ 820± 50 0.′′58× 0.′′47 (+86.◦1)
DCO+ -1.0–7.0 6.3 2.7 8′′ 650± 30 0.′′81× 0.′′53 (−88.◦2)
H13CN -3.0–9.0 11. 3.3 5′′ 930± 50 0.′′58× 0.′′47 (+86.◦0)
DCN -3.0–9.0 8.5 2.9 5′′ 190± 20 0.′′80× 0.′′53 (−88.◦5)
LkCa 15 H13CO+ 3.0–9.0 7.8 3.7 6.′′5 380± 30 0.′′64× 0.′′48 (−13.◦5)
DCO+ 3.0–9.0 5.9 2.7 6.′′5 400± 30 0.′′64× 0.′′5 (+15.◦9)
H13CN 3.0–9.0 7.6 3.7 5.′′5 100±30 0.′′67× 0.′′51 (−14.◦2)
DCN 3.0–9.0 5.9 3.0 5.′′5 280± 30 0.′′63× 0.′′49 (+15.◦3)
MWC 480 H13CO+ 1.0–9.0 8.7 3.6 5′′ 360±30 0.′′72× 0.′′46 (−6.◦8)
DCO+ 1.0–9.0 6.6 2.7 5′′ 420± 30 0.′′73× 0.′′48 (+14.◦4)
H13CN 1.0–9.0 8.7 3.6 3c 150± 20 0.′′76× 0.′′48 (−7.◦0)
DCN 1.0–9.0 6.5 2.8 3c 70± 20 0.′′76× 0.′′50 (+14.◦0)
HD 163296 H13CO+ 1.0–11.0 7.4 2.6 8.′′5 620± 40 0.′′57× 0.′′45 (−88.◦2)
DCO+ 1.0–11.0 8.3 2.8 8.′′5 1290± 40 0.′′66× 0.′′57 (+57.◦1)
H13CN 1.0–11.0 7.2 2.8 4c 170± 30 0.′′59× 0.′′46 (−87.◦9)
DCN 1.0–11.0 8.2 3.0 4c 120± 20 0.′′69× 0.′′59 (+64.◦4)
Note—Column descriptions: (1) Source name. (2) Molecule corresponding to targeted J = 3−2 transition.
(3) Velocity range (km s−1) integrated across to measure flux and produce integrated intensity maps. (4)
Moment zero map rms (mJy beam−1 km s−1). (5) Channel rms for bin sizes of 0.5 km s−1. (6) Major
axes of elliptical spectral extraction masks (7) Integrated flux (mJy km s−1). Uncertainties do not include
systematic flux uncertainties. (8) Synthesized beam dimensions.
aUpper limit quoted as 3×flux density uncertainties
bFlux estimated based on HCN emitting region
cSpectral extraction mask based on extent of millimeter dust emission
Figure 1 shows integrated intensity maps of H13CO+,
DCO+, H13CN, and DCN, with the emission in each
channel clipped at the 1σ level to better isolate the sig-
nal. For most lines, the maps were produced by sum-
ming over channels corresponding to where DCO+ emis-
sion was detected above the 3σ level, since DCO+ was
typically the strongest line. These velocity integration
ranges are listed in Table 6. The channel maps for the
other lines were inspected to check that no emission
above the 3σ level appeared in the known disk region in
channels where DCO+ was not detected. For the V4046
Sgr disk, the integration ranges for H13CN and DCN
were based on the H13CN line because the signal-to-
noise ratios of the spectra are sufficiently high to confirm
that H13CN has a larger linewidth than H13CO+. Fig-
ure 2 shows deprojected and azimuthally averaged radial
profiles, which were produced from unclipped versions
of the integrated intensity maps, assuming the position
angles and inclinations listed in Table 2.
Integrated line fluxes and upper limits were extracted
from the image cubes using elliptical regions with cen-
ters corresponding to the centroid of the continuum im-
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Figure 1. Continuum and integrated line intensity maps for H13CO+, DCO+, H13CN, and DCN. First row: intensity maps of
the 258 GHz dust continuum. Contours are drawn at [3, 10, 20, 40, 80, 160...]σ, where σ is the rms listed in Table 5. Rows 2
through 5: integrated intensity maps corresponding to the transition denoted in the first panel of each row, produced by clipping
emission below 1σ in the channel maps. Color bars start at 2σ, where σ is the rms of the integrated intensity map listed in
Table 6. Each column corresponds to the disk listed in the top panel. Synthesized beams are drawn in the lower left corners
of each panel. The centroid of the continuum image is marked with white crosses. Offset from this centroid in arcseconds is
marked on the axes in the upper left corner.
age (measured in scikit-image) and shapes and ori-
entations based on the inclination and position angle
reported in the literature for each disk (see Table 2).
The major axis of the elliptical region used to measure
fluxes for each pair of isotopologue lines in a given disk
(see Table 6) is chosen to be sufficient to cover the >3σ
line emission appearing in the image cubes. For the
pairs of weaker or undetected lines (H13CN and DCN
in the MWC 480 and HD 163296 disks) with less well-
defined emitting regions, the major axis is instead based
on the extent of the millimeter dust disk. Spectra of the
four molecules, shown in Figure 3, were extracted from
the image cubes with the same elliptical regions used to
measure line fluxes. The uncertainties on the integrated
line fluxes were estimated in the following manner: first,
the elliptical mask used to measure line fluxes in each
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Figure 2. Deprojected and azimuthally averaged 258 GHz continuum intensity profiles and integrated line intensity profiles for
H13CO+, DCO+, H13CN, and DCN J = 3−2. Top row: 258 GHz continuum intensity profiles normalized to peak values. Rows
2–5: integrated line intensity radial profiles. Each row corresponds to the molecule marked in the first column. Each column
corresponds to the disk labeled above the first row. Colored ribbons show the standard deviation in pixel intensities calculated
at each annulus. Adopted distances are listed in Table 1, and adopted position angles and inclinations are listed in Table 2.
Note that the radial profile of H13CN J = 3− 2 for the V4046 Sgr disk is scaled down by a factor of 1/3 in order to be plotted
on the same axes as the other disks.
cube was also used to measure fluxes at random posi-
tions in randomly chosen signal-free channels (with re-
placement) equal in number to the channels spanning
the line. The fluxes measured within the mask were
summed and then multiplied by the channel width to
generate a simulated integrated flux measurement. For
each image cube, 500 simulated integrated flux measure-
ments were obtained, and their standard deviation was
taken to be the uncertainty in the integrated line flux.
The moment zero map, spectrum, and radial profile
of HCN J = 3 − 2 in the IM Lup disk are presented
in Figure 4. Because of the high signal-to-noise ratio of
these data, we use the >3σ emission to set integration
ranges and to estimate the emitting region for measuring
the fluxes of H13CN and DCN. The uncertainties on the
integrated line fluxes using the mask based on the 3σ
contours of HCN were estimated in a similar manner
to that described in the preceding paragraph for the
elliptical masks.
4. RESULTS
In this section, we present the line detections, esti-
mate the disk-averaged D/H ratios for each set of iso-
topologues, and describe the emission morphologies ob-
served.
4.1. Line Detections
We classify a line as detected if emission exceeding
the 3σ level is observed in at least three channels at
positions consistent with the velocity field established
by previous CO observations (e.g. Simon et al. 2000;
Isella et al. 2007; Andrews et al. 2009; Panic´ et al. 2009;
O¨berg et al. 2011b). Example channel maps for H13CO+
J = 3− 2 in the HD 163296 disk are shown in Figure 5.
The other channel maps are presented in Appendix B.
H13CO+, DCN, and DCO+ are detected in all six
disks. H13CN is detected in all but the IM Lup disk, for
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Figure 3. Spectra of H13CO+, DCO+, H13CN+, and DCN J = 3−2. The horizontal blue line marks the zero flux density level.
The vertical red line marks the systemic velocity (listed in Table 2). The H13CN spectrum for the V4046 Sgr disk is scaled
down by a factor of 0.5 to fit on the same axes as the other H13CN spectra. Each row corresponds to the molecule listed in the
left-most panel. Each column corresponds to the disk listed above the top panel.
which we have also presented HCN observations. Most
lines show the double-peaked spectra characteristic of
rotating, inclined disks. In all cases of detected lines,
both redshifted and blueshifted emission are observed.
Integrated line fluxes and uncertainties are reported in
Table 6. Of the lines that have been observed previ-
ously, the fluxes measured with ALMA agree with Sub-
millimeter Array observations of HCN J = 3−2, DCO+
J = 3− 2, and DCN J = 3− 2 reported in O¨berg et al.
(2010) and O¨berg et al. (2011b). Separate ALMA ob-
servations of DCN and DCO+ J = 3 − 2 in the HD
163296 disk at comparable spatial resolution and sensi-
tivity have also been presented in Yen et al. (2016) and
show similar features.
4.2. Estimates of Disk-averaged Deuterium
Fractionation
4.2.1. Line Flux Ratios
If a given pair of molecules with similar upper state
energies and critical densities have co-spatial distribu-
tions, their flux ratios and column density ratios scale
nearly linearly in the optically thin limit of local ther-
mal equilibrium. The critical densities of the J = 3− 2
lines of H13CO+ and H13CN at 20 K in the optically
thin limit are 1.3× 106 and 6.6× 106 cm−3, respectively
(Shirley 2015). They decrease slightly with tempera-
ture, with the critical densities of the J = 3− 2 lines of
H13CO+ and H13CN at 50 K in the optically thin limit
being 9.5 × 105 and 4.1 × 106 cm−3, respectively. Col-
lision rates of rarer isotopologues are typically adopted
from those of the main isotopologue due to lack of direct
experimental constraints, and so we assume that DCO+
and DCN J = 3 − 2 have critical densities similar to
those of the non-deuterated isotopologues. Models of
disk chemistry suggest that HCO+, DCO+, DCN, and
HCN are abundant in regions of the disk where gas num-
ber densities range from 106 to 108 cm−3, with HCO+
and DCO+ tending to populate denser and colder re-
gions of the disk than DCN and HCN (Willacy 2007;
Walsh et al. 2010). This indicates that LTE should be a
good approximation for DCO+ and H13CO+ J = 3− 2
emission, but may be somewhat less accurate for DCN
and H13CN J = 3 − 2 emission (see also the discus-
sion in van Zadelhoff et al. 2001; Pavlyuchenkov et al.
2007). However, O¨berg et al. (2015b) tested non-LTE
and LTE models for H13CN in the MWC 480 disk and
found that the derived column densities agreed within
20%, suggesting that LTE is a reasonable first-order ap-
proximation for the targets discussed in this work.
The DCN/H13CN and DCO+/H13CO+ flux ratios for
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Figure 4. Integrated intensity map, spectrum, and radial
profile for HCN J = 3 − 2 in the IM Lup disk. Top: inte-
grated intensity map of HCN J = 3− 2 in the IM Lup disk.
The color bar starts at 2σ, where σ is the rms of the inte-
grated intensity map listed in Table 6. The synthesized beam
is drawn in the lower left corner. Offset from the centroid of
the continuum image in arcseconds is marked on the axes.
Middle: spectrum of HCN. The horizontal blue line marks
the zero flux density level. The vertical red line marks the
systemic velocity (listed in Table 2). Bottom: deprojected
and azimuthally averaged radial profiles of integrated inten-
sity. The colored ribbon shows the standard deviation in
pixel intensities calculated at each annulus. Adopted dis-
tances are listed in Table 1, and adopted position angles and
inclinations are listed in Table 2.
each disk are presented in Figure 6. To account for the
effects of ALMA’s ∼ 15% systematic flux calibration un-
certainty, we drew 100,000 simulated flux measurements
for each line from a Gaussian distribution with mean and
standard deviation given by the flux measurement and
uncertainty provided in Table 6. Each simulated flux
measurement was multiplied by a flux rescaling factor
drawn from a Gaussian centered at 1 with a standard
deviation of 0.15. The plotted error bars correspond to
a 68% confidence interval based on the distribution of
simulated line flux ratios.
The DCO+/H13CO+ flux ratios are comparable for
the whole sample (ranging from 0.8 to 2.1), while there
is more scatter in the DCN/H13CN flux ratios (spanning
an order of magnitude from 0.2 to 2.8). The two tran-
sition disks represent the two extremes, with LkCa 15
having the highest DCN/H13CN flux ratio and V4046
Sgr having the lowest. There are no clear trends with
spectral type or stellar accretion rates, but the total
number of sources is small.
4.2.2. Disk-averaged Abundance Ratios
Detailed modeling of the radial variations in deu-
terium fractionation will be the subject of future pa-
pers focused on the best-resolved individual sources, but
disk-averaged abundance ratios are calculated here for
analysis of bulk trends and comparison with other inter-
stellar and solar system measurements. Assuming two
molecules XD and XH are co-spatial and have optically
thin emission, the LTE approximation for their column
density ratio is (e.g. Mangum & Shirley 2015)
NXD
NXH
=
(
∫
F dv ×Qrot(T )× exp EuTex )XD
(
∫
F dv ×Qrot(T )× exp EuTex )XH
× (ν
3Sµ2)XH
(ν3Sµ2)XD
(14)
where N is the column density, F is the flux density in
Jy, Qrot is the rotational partition function as a function
of gas kinetic temperature T , Eu and Tex are the upper
state energy and excitation temperature in K, ν is the
transition frequency, S is the line strength, and µ is the
dipole moment. (Note that T = Tex since we assume
LTE).
We also neglect dust opacity when estimating the D/H
ratios. Most of the flux originates from the outer disk,
where previous models suggest that the millimeter dust
continuum is optically thin (e.g. Pe´rez et al. 2012; Guidi
et al. 2016). In addition, because the dust opacities at
1.1 mm and 1.4 mm are generally similar, the attenua-
tion in the fluxes of the deuterated and non-deuterated
isotopologues should largely cancel when taking ratios.
The disk-averaged DCN/H13CN and DCO+/H13CO+
ratios were calculated using molecular line parameters
obtained from the Cologne Database for Molecular Spec-
troscopy (Mu¨ller et al. 2001, 2005). Assumed excitation
temperatures ranged from 15 to 75 degrees, which are
typical of the disk regions probed by millimeter line ob-
servations (e.g. Pie´tu et al. 2007; Rosenfeld et al. 2013a).
We note that column density ratios are less sensitive
than absolute column densities to assumptions about
excitation temperature, changing only by ∼ 25% in the
temperature range evaluated, because of the similar ex-
citation properties of the isotopologues.
The column density ratios were then converted to
DCN/HCN and DCO+/HCO+ abundance ratios assum-
ing the local ISM 12C/13C ratio of 69 (e.g. Wilson 1999).
Since H13CN was not detected for IM Lup, we instead
computed the DCN/HCN column density ratios directly
from the DCN/HCN flux density ratio, 0.027+0.008−0.006. The
HCN flux for the IM Lup disk is about a factor of 55
larger than the H13CN upper limit, which suggests that
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Figure 5. Example channel maps of H13CO+ J = 3 − 2 in the HD 163296 disk. Channel maps for the other detected lines
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the DCN/H13CN ratio for the IM Lup disk because H13CN
is not detected.
HCN may be optically thin over much of its emitting
area. If, however, the HCN is optically thick, the re-
sulting D/H ratios would be overestimated. The re-
sults are listed in Table 7. The DCO+/HCO+ ratios
range from ∼ 0.02–0.06, with a median of ∼ 0.03. The
DCN/HCN ratios range from ∼ 0.005–0.08, with a me-
dian of ∼ 0.03. Using parametric models to fit observa-
tions of the J = 5− 4 line of DCO+ and J = 4− 3 lines
of HCO+ and H13CO+ in the HD 163296 disk, Math-
ews et al. (2013) derived a disk-averaged DCO+/HCO+
abundance ratio of 0.02, a factor of a few lower than our
estimate. While their models confined DCO+ largely
within a radius of 160 AU, subsequent observations of
other transitions with higher signal-to-noise ratios show
emission extending out to ∼ 300 AU, which helps to ac-
count for our higher value (Yen et al. 2016; Qi et al.
2015, and this work).
4.3. Emission Morphologies
The classification of emission morphologies is depen-
dent on the spatial resolution, since central or annular
gaps may emerge at higher resolutions. However, since
most of the disks are at similar distances and were ob-
served at similar spatial resolutions, it is still informa-
tive to compare their molecular emission morphologies.
Based on the integrated intensity maps and radial pro-
files, the observed emission morphologies mostly fall into
four categories:
1. Ring-like
(a) H13CO+ in the AS 209, IM Lup, LkCa 15,
and MWC 480 disks
(b) DCO+ in the AS 209, V4046 Sgr, MWC 480,
and HD 163296 disks
(c) H13CN in the AS 209 disk and HCN in the
IM Lup disk
(d) DCN in the AS 209, V4046 Sgr, and HD
163296 disks
2. Centrally peaked
(a) H13CN in the V4046 Sgr, MWC 480, and HD
163296 disks
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3. Profiles with multiple rings
(a) H13CO+ in the HD 163296 disk
(b) DCO+ in the IM Lup disk
4. Diffuse
(a) H13CO+ in the V4046 Sgr disk
(b) DCO+ in the LkCa 15 disk
Like DCO+ in the IM Lup disk and H13CO+ in the
HD 163296 disk, the DCN emission in the LkCa 15 disk
appears to feature an annular gap (i.e., a ring-like de-
pression in the emission profile), but better spatial res-
olution would be necessary to confirm the morphology
of the central component of the DCN emission. The
emission morphologies of H13CN in the LkCa 15 disk
and DCN in the IM Lup and MWC 480 disks are not
as easily categorized due to lower signal-to-noise ratios,
but DCN in the IM Lup disk appears to be extended,
while the DCN emission in MWC 480 and H13CN emis-
sion in the LkCa 15 disk appear to be more compactly
distributed.
No clear pattern emerges for relationships between
the emission morphologies of different molecules, except
that disks with more extended CO emission (see Table
2) tend to feature more extended DCO+ and H13CO+
emission, which is reasonable given that CO is a parent
molecule. No given molecule exhibits the same emis-
sion morphology across all disks. Furthermore, for a
given disk, the range of possibilities spans from similar
morphologies for all molecules (AS 209) to distinct mor-
phologies for each of the four molecules (LkCa 15). In
the V4046 Sgr and HD 163296 disks, the H13CN and
DCN lines are emitted from a markedly more compact
region compared to DCO+ and H13CO+. In the LkCa
15 disk, the H13CN emission originates from a more
compact region than the other three molecules. Apart
from the IM Lup disk, the detected emission extents for
DCO+ and H13CO+ in the channel maps are similar, al-
though the radial profiles for several disks indicate that
they peak in different locations.
As a first-order approximation, the disk-averaged
D/H analysis in the previous subsection assumed that
the deuterated isotopologues are largely co-spatial with
their non-deuterated forms. Here, we examine the ef-
fects of those assumptions in more detail. The four
molecules targeted have similar excitation energies and
critical densities. Thus, while the three-dimensional dis-
tributions of the molecules can only be inferred through
complete structural models accounting for the gas den-
sity and temperature gradients of protoplanetary disks,
molecules with very different emission patterns are un-
likely to be co-spatial. Co-spatial molecules may have
substantially different emission patterns if one of them
is optically thick, as in the case of CO isotopologues in
the cavity of transition disks (e.g. van der Marel et al.
2016), but the molecules targeted in this deuterium sur-
vey are orders of magnitude less abundant than CO and
expected to be optically thin.
For the IM Lup, LkCa 15, and HD 163296 disks, the
radial intensity profiles of DCO+ either show an en-
hancement beyond 200 AU or decline less steeply com-
pared to the H13CO+ emission profiles. In the V4046
Sgr disk, there is a deep central gap in DCO+ emission,
whereas the H13CO+ emission is broad and diffuse. This
suggests that the disk-averaged DCO+/HCO+ abun-
dance ratios calculated in the previous section would
likely lie between higher local values in the outer disk
and lower local values in the inner disk.
Table 7. Flux Ratios and Disk-averaged D/H Ratios
Source Flux ratio Abundance ratio assuming Tex = 15 K Abundance ratio assuming Tex = 75 K
DCO+
H13CO
+
DCN
H13CN
DCO+
HCO+
DCN
HCN
DCO+
HCO+
DCN
HCN
AS 209 2.1+0.6−0.5 1.6
+0.5
−0.4 0.048
+0.014
−0.011 0.036
+0.012
−0.008 0.06
+0.02
−0.01 0.045
+0.014
−0.010
IM Lup 1.3+0.3−0.3 >1.5 0.029
+0.008
−0.006 0.044
+0.013
−0.001
* 0.036+0.010−0.008 0.057
+0.017
−0.013
*
V4046 Sgr 0.8+0.2−0.2 0.20
+0.05
−0.04 0.018
+0.005
−0.004 0.005
+0.001
−0.001 0.023
+0.006
−0.005 0.006
+0.002
−0.001
LkCa 15 1.1+0.3−0.2 2.8
+1.5
−0.8 0.024
+0.007
−0.005 0.06
+0.03
−0.02 0.030
+0.008
−0.006 0.08
+0.04
−0.02
MWC 480 1.2+0.3−0.2 0.47
+0.20
−0.16 0.027
+0.007
−0.006 0.010
+0.004
−0.004 0.034
+0.009
−0.007 0.013
+0.005
−0.004
HD 163296 2.1+0.5−0.4 0.7
+0.3
−0.2 0.048
+0.012
−0.009 0.016
+0.006
−0.004 0.060
+0.015
−0.012 0.019
+0.008
−0.005
∗Estimated directly from DCN/HCN flux ratio
Compared to DCO+ and H13CO+, DCN and H13CN
appear to have more similar distributions in this sur-
vey, except DCN features a central gap more often than
H13CN. Thus, the disk-averaged DCN/HCN ratios cal-
culated in the previous section would likely be interme-
diate between higher local values in the outer disk and
lower local values in the inner disk for V4046 Sgr, LkCa
15, and HD 163296. The LkCa 15 disk features the
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greatest discrepancy between H13CN and DCN emis-
sion: whereas H13CN emission is confined to a com-
pact region at the center of the disk, DCN emission
is detected out to hundreds of AU. Thus, the local
DCN/HCN enhancement in the LkCa 15 relative to the
other disks may be even more extreme than what is in-
dicated by the disk-averaged estimates, for which LkCa
15 already has the largest DCN/HCN ratio.
4.4. Additional Comments on Individual Sources
In this subsection, we discuss the features observed in
the integrated intensity maps ( Fig. 1), radial profiles
(Fig. 2), and channel maps (Appendix B) in the context
of each individual source.
4.4.1. AS 209
All four molecules have ring-like emission morpholo-
gies. The radial emission profiles of DCN, H13CN, and
H13CO+ peak at R ∼ 50 AU. DCO+ has a shallower
central depression in the emission profile compared to
the other molecules, but its emission profile begins to
decline rapidly past ∼ 80 AU. The radial intensity pro-
file (see Fig. 2) of the continuum shows a break at
∼ 0.7′′ (∼ 90 AU). The 258 GHz continuum emis-
sion, re-imaged with multi-scale CLEAN as well as uni-
form weighting for better spatial resolution (synthesized
beam: 0.′′39× 0.′′37 (64.◦74)), is shown again in Figure 7
and exhibits a dark annulus between the inner disk and
outer emission ring.
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Figure 7. Intensity map of the AS 209 258 GHz continuum,
imaged with uniform weighting. Note the dark annulus at a
radius of ∼ 0.7′′ from the disk center. The color bar saturates
at half the maximum intensity in order to show the outer ring
more clearly. The synthesized beam is shown in the lower left
corner. Axes are labeled with offsets from the centroid of the
continuum image.
4.4.2. IM Lup
The DCO+ emission features double rings. The first
peak in the radial profile occurs at R ∼ 110 AU, and
the second occurs at R ∼ 310 AU. H13CO+ has a ring-
like morphology with the radial emission profile peaking
at 130 AU, which is a wider central gap than the other
H13CO+ emission rings observed in the survey, includ-
ing even the transition disks. (Note that these observa-
tions were previously presented in O¨berg et al. (2015a)
assuming a distance of 155 pc to IM Lup). H13CN is
not detected, but HCN J = 3− 2 has a ring-like profile
peaking at ∼ 60 AU. DCN is only marginally detected
in a few channels (see Appendix B), but the emission is
spatially consistent with HCN and indicates that DCN
is also extended in the disk.
4.4.3. V4046 Sgr
The central dust cavity reported in Rosenfeld et al.
(2013b) is also resolved in the 258 GHz continuum
ALMA data. The DCO+ and DCN lines both have
ring-like emission morphologies, with the averaged ra-
dial emission profiles peaking at 70 and 50 AU, respec-
tively. Rosenfeld et al. (2013b) determined that most
of the dust mass in the V4046 Sgr disk is confined to a
ring with a peak in surface density at R = 37 AU and
a FWHM of 16 AU. Thus, the DCN emission is largely
coincident with the outer regions of the millimeter dust
emission. In contrast, the DCO+ emission originates
mostly outside the millimeter dust disk. The DCN emis-
sion appears to be brighter on the western side of the
disk, but more sensitive observations would be required
to confirm whether the asymmetry is real. The H13CO+
radial profile is notably flatter than those of the other
lines detected in V4046 Sgr, while the H13CN emission
profile is centrally peaked. The H13CN integrated flux
is also exceptionally large compared to the other disks
in the survey. Although V4046 Sgr is much closer than
the other disks, its H13CN integrated flux would still
be about a factor of two higher than that of the other
disks in the survey if they were at the same distance.
The channel maps (Appendix B) indicate that emission
above the 3σ level for DCO+ and H13CO+ is nearly ab-
sent inside the cavity.
4.4.4. LkCa 15
The central dust cavity reported in Andrews et al.
(2011b) is also resolved in the 258 GHz continuum
ALMA data. While the DCN emission observed in the
other disks is typically compact (with the possible ex-
ception of the IM Lup disk), the DCN emission in the
LkCa 15 disk is clearly extended. The radial profile
and integrated intensity map indicate that an annular
gap in DCN emission separates a compact component
near the center and an emission ring peaking at ∼ 180
AU near the edge of the millimeter dust emission, but
higher-sensitivity observations will be needed to clarify
the structure. The H13CO+ radial profile peaks at ∼ 40
AU, whereas the DCO+ radial profile is relatively flat
and extended.
4.4.5. MWC 480
15
The H13CO+ and DCO+ radial emission profiles peak
at ∼ 40 AU. The H13CN profile is centrally peaked. Al-
though the DCN emission is weak and appears in only a
few channels (Appendix B), it is consistent with the Ke-
plerian rotation pattern established by the other three
lines observed. The DCN emission appears to feature a
central dip, but the signal-to-noise ratio is too low to be
definitive.
4.4.6. HD 163296
The H13CN profile is centrally peaked, while the DCN
radial profile peaks at ∼ 50 AU. Our DCN data do not
show clear evidence for the offset from center noted by
Yen et al. (2016) for separate HD 163296 observations.
However, the average DCN radial profiles appear similar
for both observations. The DCO+ emission is ring-like,
with the radial profile peaking at ∼ 70 AU. Like Yen
et al. (2016), we find that the DCO+ J = 3−2 emission
peaks in brightness northwest of the disk center. A simi-
lar feature was also reported for the DCO+ J = 5−4 line
by Mathews et al. (2013). The H13CO+ line features a
compact emission ring peaking at ∼ 50 AU, but its most
striking feature is the emission break near R ∼ 200 AU,
as seen most clearly in the channel maps in Figure 5 and
faintly in the integrated intensity map in Figure 1. A
similarly positioned break is hinted at in a few channels
in the DCO+ J = 3 − 2 channel maps in Appendix B
as well as the channel maps presented for the DCO+
J = 4− 3 line in Qi et al. (2015), but in neither case is
the break as unambiguous as for H13CO+.
5. DISCUSSION
5.1. Comparison of D/H ratios
The range of disk-averaged DCN/HCN and
DCO+/HCO+ abundance ratios estimated for the
survey are plotted in Figure 8, along with measure-
ments reported in the literature for other interstellar
environments and solar system objects.
5.1.1. Comparison to Other Sources
As with previous findings for the DM Tau (Teague
et al. 2015), TW Hya (van Dishoeck et al. 2003; Qi
et al. 2008; O¨berg et al. 2012), and HD 163296 (Math-
ews et al. 2013) disks, our survey indicates that the
high deuterium fractionation in earlier star formation
stages can also persist during the disk stage for a di-
verse set of sources. The DCO+/HCO+ estimates for
the six disks are comparable to values measured for star-
less cores (Butner et al. 1995; Caselli et al. 2002; Tafalla
et al. 2006), and slightly higher than the ratio derived
for low-mass protostar IRAS 16293-2422 (Scho¨ier et al.
2002). They are also a factor of a few higher than typ-
ical values measured for infrared dark clouds (Mietti-
nen et al. 2011; Gerner et al. 2015) and hot molecular
cores (Gerner et al. 2015), both of which are associated
with high-mass star formation rather than the low- and
intermediate-mass stars from this work.
Likewise, the disk-averaged DCN/HCN abundance ra-
tios for our survey are comparable to the values obtained
for infrared dark clouds (Gerner et al. 2015), hot molec-
ular cores (Gerner et al. 2015), and low-mass protostel-
lar cores (Roberts & Millar 2000). O¨berg et al. (2012)
derived a disk-averaged value of 0.017 for the TW Hya
disk, which lies within the range of values estimated
in this work. DCN is a particularly useful tracer of
deuterium chemistry because its fractionation has been
measured in a range of sources across the stages of star
and planetary system formation, including within our
own solar system. Most of the disk-averaged abundance
ratios are higher than that of comet Hale-Bopp, which
has a DCN/HCN ratio of 2.3±0.4 × 10−3 (Meier et al.
1998). However, the DCN/HCN ratio of the V4046 Sgr
disk is within a factor of a few of that of Hale-Bopp.
Since V4046 Sgr is much older than the other disks in
the survey, it would be interesting to observe other old
disks to investigate whether DCN/HCN fractionation
depends on disk age, which would in turn help to con-
strain the origin of cometary ices. (TW Hya is also
advanced in age, but thought to be younger than V4046
Sgr). The disk-averaged DCN/HCN ratios are also typ-
ically several orders of magnitude larger than that of
Titan (Molter et al. 2016). While Titan features very
active photochemistry, its current deuterium fractiona-
tion may still partially reflect primordial fractionation
(Cordier et al. 2008).
5.1.2. Comparison to Disk Models
For a general T Tauri disk model, Aikawa et al. (2002)
predict that both DCN/HCN and DCO+/HCO+ vary
between 0.01 to 0.1 from 50 to 400 AU. The T Tauri disk
model from Willacy (2007) predicts that DCN/HCN
varies between 0.01 to 0.1 from 50 to 400 AU (simi-
lar to Aikawa et al.), and DCO+/HCO+ varies from
0.1 to 2. Both the Aikawa and Willacy models evolve
from initial abundances mirroring those of dark clouds
and produce DCO+ through the H2D
+ pathway (Eq.
2). DCN is primarily produced through the CH2D
+
pathway (Eq. 7 and 8) in the models from Aikawa &
Herbst (1999a), which were extended into two dimen-
sions in Aikawa et al. (2002). The Willacy models, in
contrast, produce a substantial portion of DCN through
the H2D
+ pathway (Eq. 12 and 13). The Willacy mod-
els also incorporate grain-surface reactions and multiply-
deuterated species in their chemical network.
While we calculate disk-averaged abundance ratios
rather than D/H ratios as a function of radius, we
find that our estimated disk-averaged ratios are for the
most part comparable to the values quoted above for
disk models. V4046 Sgr does feature a disk-averaged
DCN/HCN ratio that is a factor of a few lower than
the values in the Aikawa and Willacy models, but it is
a binary star system that is much older than the disk
models (typically ≤ 1 Myr), so its disk properties may
have evolved substantially.
Generally, the abundance ratios derived for the disk
survey are compatible with scenarios of in situ deu-
terium fractionation. A more compelling case for in situ
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Figure 8. Comparison of literature D/H ratios to disk-
averaged D/H ratios estimated in this work. Top:
DCO+/HCO+ abundance ratios. Bottom: DCN/HCN
abundance ratios. Blue markers plotted for starless cores
(Butner et al. 1995; Caselli et al. 2002; Tafalla et al. 2006), in-
frared dark clouds (Miettinen et al. 2011; Gerner et al. 2015),
hot molecular cores (Gerner et al. 2015), low-mass protostel-
lar cores (Roberts et al. 2002), and protoplanetary disks (this
work) represent the range of values observed for multiple
objects in each category. Crosses mark the median values.
Dashed green lines plotted for the DM Tau (Teague et al.
2015) and TW Hya (Qi et al. 2008) disks represent the range
of values derived for various radii. Purple squares represent
values for the following individual sources: TMC-1 (Wootten
1987), low-mass protostar IRAS 16293-2422 (Scho¨ier et al.
2002), the TW Hya disk (O¨berg et al. 2012), comet Hale-
Bopp (Meier et al. 1998), and Titan (Molter et al. 2016).
fractionation may be the diverse and highly structured
emission patterns observed for the same molecules across
different disks, which would suggest that their distribu-
tions are strongly responsive to the particular disk en-
vironment. Chemical modeling of each disk would be
necessary to draw firmer conclusions regarding the ex-
tent to which in situ deuteration processes are required
to explain the observed chemistry.
5.1.3. Considerations on 12C/13C Fractionation
H13CN and H13CO+ were targeted because line emis-
sion from the main isotopologues was assumed to be
too optically thick to trace their distributions. Of the
disks in the survey with previously reported detections
of HCO+ J = 3 − 2 (O¨berg et al. 2010, 2011b), the
HCO+ to H13CO+ J = 3−2 line flux ratios range from∼
13 to 25. The flux ratios of the HCN to H13CN J = 3−2
lines (based on observations of HCN J = 3− 2 reported
in O¨berg et al. 2010, 2011b; Graninger et al. 2015) range
from ∼10 to 60, with AS 209 and V4046 Sgr on the low
end and LkCa 15 on the high end. Assuming that the
12C/13C ratio is the ISM value of 69 (e.g. Wilson 1999),
the flux ratios indicate that HCO+ J = 3−2 is optically
thick for all the targets, while HCN J = 3 − 2 is likely
optically thick for at least part of the sample.
In addition to the adoption of a 12C/13C ratio, infer-
ences about deuterium fractionation based on optically
thin isotopologues require the assumption that the 12C
and 13C isotopologues are co-spatial. The appropriate-
ness of these two assumptions depends on the extent of
12C/13C fractionation in disks, which has not yet been
constrained observationally. Obtaining such constraints
will improve interpretations of disk chemistry, but the
ALMA systematic flux calibration uncertainty and un-
certainties in disk temperature structures currently pose
some challenges in measuring 12C/13C fractionation.
Models offer some insight into the potential impact of
carbon fractionation on the conclusions. H13CO+ may
be somewhat depleted in the outer disk compared to
HCO+ due to the less-abundant 13CO being photodis-
sociated more easily than 12CO, but the full T Tauri and
Herbig Ae disk models from Miotello et al. (2014) indi-
cate that its effects should be modest interior to a couple
hundred AU, the region that our observations trace. In
contrast, full T Tauri disk models also indicate that the
H13CN/HCN ratios may vary by up to factors of a few in
the inner disk (Woods & Willacy 2009). (Similar calcu-
lations have not been performed yet for transition disks
and for Herbig Ae disks, but it is possible that frac-
tionation could vary from the full T Tauri disk models
due to the different radiation fields.) Thus, the use of
H13CN to trace the distribution of HCN ought to be
treated with more caution than the use of H13CO+ to
trace HCO+, particularly if HCN may be optically thin
enough in certain disks to trace distributions directly.
Fitting models to observations of multiple transitions of
12C and 13C isotopologues could provide better insight
into the robustness of assumed isotope ratios. However,
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even if the 12C/13C ratios are overestimated by a factor
of a few, the D/H levels derived for this survey would
still be indicative of efficient fractionation.
Greater uncertainty in the H13CN/HCN ratios
may partially account for the greater variability of
DCN/HCN abundance ratios derived in this work com-
pared to DCO+/HCO+. Nevertheless, we note that the
unusually bright H13CN J = 3−2 detection in the V4046
Sgr disk relative to the rest of the sample is not likely to
be due primarily to carbon fractionation, since HC15N
emission is also exceedingly strong in the V4046 Sgr disk
compared to the other disks Guzma´n et al. (2017).
5.1.4. Potential Effects of Selection Bias
The disks discussed in this work are often considered
to be benchmark systems for studies of disk structure
and chemistry due to their large size, bright molecu-
lar lines, and relative isolation (e.g. Pie´tu et al. 2007;
Willacy 2007; O¨berg et al. 2010, 2011b; Rosenfeld et al.
2013a,b). The diversity of molecular emission patterns
observed in this survey of six disks demonstrates the
value in observing multiple systems with varying physi-
cal properties in order to explore the range of chemical
outcomes.
On the other hand, the characteristics that have of-
ten made these disks favored for chemical studies may
also lead to some bias, leaving some facets of deuterium
chemistry not fully explored. Because the targets were
primarily selected on the basis of previous DCO+ detec-
tions, the similar DCO+/H13CO+ flux ratios measured
with ALMA may be a result of the selection process
favoring disks with higher levels of deuterium enrich-
ment. Furthermore, even though MWC 480 and HD
163296 are chemically rich, observations of other Herbig
Ae stars suggest that their disks tend to be more chem-
ically poor than those around T Tauri stars, perhaps
because the higher UV luminosities of Herbig Ae stars
lead to more photodissociation (e.g. Schreyer et al. 2008;
O¨berg et al. 2010, 2011b; Guilloteau et al. 2016). In ad-
dition, because the survey covers only relatively massive
and isolated disks (in part a legacy of which sources were
most readily observable on earlier mm/sub-mm instru-
ments), the most extreme effects of the interstellar radi-
ation field are not well constrained. Finally, because the
disks in the survey have large radial extents, they have
very cold outer regions that would be expected to be
most hospitable to deuterium fractionation. Thus, ex-
tension of the survey toward lower-mass or more com-
pact disks would provide additional insight into what
aspects of deuterium chemistry observed in this work
are most common in disks. Recent ALMA continuum
and CO surveys of disks in various star-forming regions
have now created a rich selection of potential chemistry
follow-up targets spanning a range of stellar and disk
properties (e.g. Ansdell et al. 2016; Barenfeld et al. 2016;
Testi et al. 2016; Pascucci et al. 2016).
5.2. Chemical Implications
Prior to this work, the LkCa 15, TW Hya, and HD
163296 disks were the only disks in which both DCN
and DCO+ had been detected (Qi 2001; van Dishoeck
et al. 2003; O¨berg et al. 2012; Yen et al. 2016). With
the additional detections from this survey, the number
of sources in which DCN has been observed has now
doubled.
5.2.1. Formation of DCN
As noted in the introduction, the DCN distribution
was reported to be much more radially compact than
that of DCO+ in the TW Hya and HD 163296 disks.
The previous LkCa 15 observations were not sufficiently
resolved to compare DCN and DCO+. For TW Hya, the
spatial differentiation has been attributed to production
of DCN through CH2D
+ (e.g., Eq. 7 and 8) in the warm
inner disk and production of DCO+ through H2D
+ (Eq.
2) in the cold outer disk.
In our survey, we observe the following relationships
between DCN and DCO+ emission:
1. Substantial spatial differentiation between DCN
and DCO+ in the V4046 Sgr and HD 163296 disks.
In these sources, DCN is much more compact and
peaks in intensity within the central gap of DCO+
emission. This is similar to the TW Hya disk,
which suggests that DCN production in these disks
is also dominated by the CH2D
+ pathway.
2. Similar radial extents for DCN and DCO+ emis-
sion in the AS 209 and LkCa 15 disks. This may be
indicative of more overlap in the formation path-
ways for DCN and DCO+ in these disks than in
the V4046 Sgr, HD 163296, or TW Hya disks.
3. Ambiguous relationship due to the DCN detec-
tions with low signal-to-noise ratios in the IM Lup
and MWC 480 disks.
DCN and DCO+ are not necessarily co-spatial in the
disks in which they have similar emission profiles, since
it is possible that they are confined to different heights.
Even so, the results indicate that the inner disk/outer
disk tracer dichotomy that was previously suggested for
DCN and DCO+ by the TW Hya and HD 163296 data
does not apply to all disks.
The DCN emission profile in the LkCa 15 disk is par-
ticularly interesting, since it appears to peak once near
the central star and again at ∼ 180 AU. Fitting a verti-
cally isothermal model to CO isotopologue observations,
Pie´tu et al. (2007) derived a gas temperature of ∼ 22 K
at 100 AU from the central star. While this method
may lead to imprecise temperature values due to real
disks having vertical temperature gradients, the effect
would likely be to overestimate rather than underesti-
mate the temperature at which DCN resides, since 12CO
typically probes the upper regions of the warm molecu-
lar layer. Therefore, much of the DCN emission in the
LkCa 15 disk originates from disk regions expected to
be too cold for CH2D
+ to be the dominant deuterated
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ion, which suggests that an H2D
+ formation pathway
is a significant contributor in the outer LkCa 15 disk.
The marginal detection of DCN in the IM Lup disk ap-
pears to be similarly extended into the cold outer disk,
but more sensitive observations would be necessary to
confirm this.
Unlike LkCa 15, which has a gas disk estimated to
extend to ∼900 AU (Isella et al. 2012), the TW Hya gas
disk only extends to ∼215 AU (Andrews et al. 2012).
The TW Hya disk may simply not have enough mate-
rial in its outer regions for a cold DCN formation path-
way to be important. An alternative scenario is that
radial drift in the LkCa 15 disk creates a radial thermal
inversion allowing for the warm CH2D
+ pathway to pro-
duce DCN just outside the millimeter dust disk (Cleeves
2016). Then, other disks exhibiting evidence of radial
drift, such as TW Hya and AS 209 (Menu et al. 2014;
Pe´rez et al. 2012), might be expected to show similar
DCN emission, but they do not at the current sensitiv-
ity.
5.2.2. Formation of DCO+
Chemical models generally predict two types of radial
profiles for DCO+:
1. Ring-like, if forming predominantly from H2D
+
and CO. This is a consequence of H2D
+ being
readily destroyed by the back-reaction of 1a as well
as by gas-phase CO in the warmer inner disk (e.g.
Aikawa & Herbst 1999b, 2001; Willacy 2007).
2. Radially decreasing (or with a very small central
gap), if forming predominantly from CH2D
+ and
CO, since CH2D
+ is abundant in warmer gas com-
pared to H2D
+ (Favre et al. 2015).
Ring-like distributions have previously been inferred for
DCO+ in the TW Hya, HD 163296, and DM Tau disks
(Qi et al. 2008; Mathews et al. 2013; Teague et al. 2015),
and ring-like emission patterns are observed for AS 209,
V4046 Sgr, MWC 480, and HD 163296 in this work.
These results suggest that ring-like DCO+ distributions
are common, and support a cold H2D
+ formation sce-
nario. The double DCO+ rings observed in the IM
Lup disk deviate from this picture somewhat, but O¨berg
et al. (2015a) found that the presence of multiple rings
could be explained with models of DCO+ abundances
first decreasing in the outer disk due to CO freezeout,
then rising again as CO non-thermally desorbs in re-
gions of the disk with lower surface density where UV
radiation penetrates closer to the midplane.
In addition, while the LkCa 15 DCO+ emission is not
as distinctly ring-like as that of the other disks, the ra-
dially averaged integrated intensity of H13CO+ drops
by about a factor of 3 from 50 to 200 AU, whereas the
DCO+ radial profile remains relatively flat in the same
interval. Likewise, the radially averaged integrated in-
tensity of H13CO+ in the HD 163296 disk drops by about
a factor of 5 from 50 to 200 AU, whereas that of DCO+
drops only by about a factor of 2. This behavior suggests
that either the column densities or average excitation
temperatures of H13CO+ are decreasing more rapidly
with radius than those of DCO+. Since disks are ex-
pected to have radially decreasing temperature gradi-
ents, either scenario would require the DCO+/HCO+
ratio to increase at lower temperatures.
We do not observe radially decreasing emission pro-
files for DCO+. In addition, given that the dominant
formation pathway of DCN is expected to begin with
CH2D
+ (e.g. Millar et al. 1989; Aikawa & Herbst 1999a),
one would expect the DCO+ emission to be bright in
the same regions if its formation followed the models
of Favre et al. (2015). On the contrary, for at least a
few disks (V4046 Sgr and HD 163296 from this work, as
well as TW Hya from Qi et al. 2008 and O¨berg et al.
2012), the DCO+ emission features prominent central
gaps where DCN is brightest. Our observations there-
fore do not provide evidence that the CH2D
+ pathway
dominates DCO+ production.
It is interesting to note, though, that the two Herbig
Ae sources in the survey, MWC 480 and HD 163296,
have disk-averaged DCO+/HCO+ ratios comparable to
those of the T Tauri sources. This result may seem
counter-intuitive, since the Herbig Ae disks are expected
to be warmer and therefore less favorable toward high
deuterium fractionation, although no deuterium chem-
istry models have been published for Herbig Ae disks
yet. The observations may hint that CH2D
+ is a sec-
ondary contributor to fractionation. In addition, based
on DCO+ J = 4−3 observations in the HD 163296 disk,
Qi et al. (2015) concluded that DCO+ remains abundant
in regions of the disk warmer than 30 K, which suggests
that a warm pathway is partially responsible for DCO+
production. A larger sample of both T Tauri and Herbig
Ae disks would be needed to determine whether they in-
deed typically have similar levels of DCO+/HCO+ frac-
tionation.
5.3. Relationship Between Molecular Distributions and
Disk Dust Structures
5.3.1. Transition Disk Cavities
The V4046 Sgr and LkCa 15 disks both feature promi-
nent cavities, but markedly different line emission pat-
terns, implying that the presence of a cavity does not
lead to predictable molecular distributions. The DCN
and DCO+ in the V4046 Sgr disk are clearly not co-
spatial, while they have more similar radial extents in
the LkCa 15 disk. The disk gaps in the millimeter dust
continuum do not have an obvious relationship to the ob-
served line morphologies. In the V4046 Sgr disk, H13CN
line emission appears at the 5σ level up to ±5.5 km s−1
offset from the systemic velocity. This suggests that
H13CN is present at least within 15 AU from the cen-
tral binary and well within the millimeter dust cavity
(R = 29 AU), assuming a Keplerian velocity field (i.e.
vprojected =
√
GM∗
r sin (incl)) and the stellar mass and
disk inclination given in Tables 1 and 2. On the other
hand, almost all the H13CO+ and DCO+ emission in
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V4046 Sgr at the >3σ level in the channel maps are
detected well outside the cavity.
5.3.2. The Edge of the Millimeter Dust Disk
Recent observations have indicated that molecular
emission rings arising at the edge of the millimeter dust
disk are a recurring feature (e.g. Guzma´n et al. 2015;
O¨berg et al. 2015a; Bergin et al. 2016). Indeed, in
the deuterium survey, this feature is observed for DCN
in LkCa 15, H13CO+ in HD 163296, and DCO+ in
V4046 Sgr and IM Lup (as first pointed out by O¨berg
et al. (2015a)), providing further evidence that molec-
ular emission rings encircling millimeter dust disks are
common. Models suggest that such rings could be due to
dust evolution facilitating either thermal or non-thermal
desorption in the outer disk (e.g. O¨berg et al. 2015a;
Bergin et al. 2016; Cleeves 2016). However, since this
feature seems to arise in different molecules for dif-
ferent disks, a consistent connection is not yet estab-
lished. Given that outer emission rings are sometimes
very faint, a systematic study of molecular emission at
very high sensitivity in conjunction with imaging of dust
at multiple wavelengths would be needed to investigate
whether the evolution of grain size distributions leads to
predictable locations for molecular emission rings.
5.3.3. The AS 209 disk
The outer ring in the 258 GHz continuum emission
in the AS 209 disk (Fig. 7) appears to coincide with a
similar outer ring in the C18O J = 2 − 1 emission and
with a sharp change in slope of the 1.4 mm continuum
emission observed at slightly lower spatial resolution in
Huang et al. (2016). (Note that Huang et al. (2016) used
an older distance estimate of 120 pc rather than 126 pc
in this work). Huang et al. (2016) proposed that the
outer C18O emission ring was the result of desorption
in the outer disk outside the CO snowline. This would
appear to be consistent with predictions that continuum
emission rings can arise near volatile snowlines, perhaps
due to changes in dust opacity from mechanisms such as
pebble growth (Zhang et al. 2015) or sintering (Okuzumi
et al. 2016).
The H13CO+, DCO+, H13CN, and DCN emission
morphologies of the AS 209 disk are quite similar to one
another, unlike those of the other disks in the survey.
All four are distributed in emission rings peaking near
the dark ring in the 258 GHz dust continuum. Given
that H13CN and H13CO+ do not have similar forma-
tion pathways, the similar emission patterns in the four
molecules observed for AS 209 may instead be related to
the interplay between the dust and gas structures near
the continuum emission gap.
However, for AS 209, higher-resolution continuum
studies at multiple wavelengths to constrain spectral in-
dices and surface density profiles would be needed to
distinguish between the numerous mechanisms for pro-
ducing dust emission rings that have been proposed for
protoplanetary disks. Ring-like structures in millimeter
dust continuum emission have also been directly imaged
in several other protoplanetary disks, but their origins
are still debated (ALMA Partnership et al. 2015; An-
drews et al. 2016; Cieza et al. 2016; Isella et al. 2016).
In addition to the mechanisms discussed in the previous
paragraph, other hypotheses for the origins of rings of-
ten invoke the presence of a forming planet (e.g. Ruge
et al. 2013; Dong et al. 2015; Pinilla et al. 2015; Gon-
zalez et al. 2015) or magnetorotational instability (e.g.
Pinilla et al. 2012; Ruge et al. 2013; Flock et al. 2015).
5.4. Assessing the Viability of DCO+ as a Midplane
CO Snowline Tracer
Because temperatures in a protoplanetary disk gener-
ally decrease with radius and increase with height above
the midplane, CO is present in the gas phase in the in-
ner regions of the disk and in warm layers above the
midplane, but it is mostly frozen out onto dust grains in
the outer midplane. Measuring the location of the CO
midplane snowline, which marks the radius where this
freezeout starts to occur, is important for constraining
planet formation theories because changes in the abun-
dance of CO gas and ice are thought to influence the
composition of planetary atmospheres as well as the
movement and growth of dust grains (e.g. O¨berg et al.
2011a; Madhusudhan et al. 2014; Ali-Dib et al. 2014;
Piso et al. 2015; Okuzumi et al. 2016). Because CO is
almost always optically thick in protoplanetary disks,
the CO snowline is usually traced instead through in-
terferometric imaging of optically thin molecules that
have distributions dependent on gas-phase CO (Math-
ews et al. 2013; Qi et al. 2013, 2015). Mathews et al.
(2013) suggested that DCO+ traces the CO snowline be-
cause the formation of DCO+ requires both H2D
+ and
gas-phase CO, which coexist only in a narrow tempera-
ture range. N2H
+ is also used as a tracer because it is
quickly destroyed by gas-phase CO, so it is expected to
become abundant when CO starts freezing out (Qi et al.
2013, 2015; Aikawa et al. 2015).
Although the DCO+ emission morphologies and high
fractionation levels observed in this work are broadly
consistent with predictions from disk models invoking
the standard H2D
+ pathway, observations of the other
molecular lines in this survey provide evidence that
DCO+ is not a robust tracer of the CO snowline. Qi
et al. (2015) make a similar argument based on the rela-
tionship between the inferred DCO+ and N2H
+ distri-
butions, while our line of reasoning is based on the rela-
tionship between DCO+ and H13CO+. Whereas Math-
ews et al. (2013) suggested that the inner radius of the
DCO+ distribution is determined by where H2D
+ be-
comes abundant, the AS 209, IM Lup, LkCa 15, and
MWC 480 disks feature central dips in their H13CO+
radial emission profiles that are comparable to or even
larger than the central dips in the corresponding DCO+
profiles. The H13CO+ dip in the LkCa 15 disk can be
plausibly explained by a drop in gas density, which has
already been inferred for several transition disks based
on CO isotopologue observations (van der Marel et al.
20
2016), but no models or observations so far have indi-
cated that a similar drop in central gas density is likely
for the full disks. Instead, the observations of AS 209,
IM Lup, and MWC 480 raise the possibility that the
inner radius of the DCO+ ring is not always controlled
by the availability of H2D
+, but that instead, the in-
ner edges of the DCO+ and H13CO+ rings may be set
by common chemical or physical factors, such as the
ionizing environment due to cosmic rays or X-rays (e.g.
Cleeves et al. 2014a).
Alternatively, high dust opacity at the disk center
could create the appearance of a hole in the H13CO+
distribution (e.g. O¨berg et al. 2015a; Cleeves et al. 2016),
but then optically thin DCO+ emission would likely suf-
fer similar effects, which would also increase the diffi-
culty of using it to trace the CO snowline. Given that
optically thin line transitions can now be imaged by
ALMA with much greater ease than by previous instru-
ments, the question of how dust opacity affects the in-
terpretation of their emission patterns will warrant more
rigorous examination through continuum and line obser-
vations in multiple bands (e.g., Band 3 in conjunction
with Band 6 or 7) as well as simultaneous modeling of
gas and dust structure.
The DCO+ observations in the IM Lup and LkCa 15
disks, as well as the H13CO+ emission in the HD 163296
disk, also indicate that the outer edge of the DCO+
emission profile does not necessarily correspond closely
to the location of the classical midplane CO snowline.
O¨berg et al. (2015a) proposed that the second DCO+
emission ring in the IM Lup disk arises from CO ice
desorption outside the CO snowline, whereas the in-
ner DCO+ emission ring was likely located near the CO
snowline. At lower spatial resolutions, multiple DCO+
emission rings could appear to be a single ring, for which
neither the inner nor outer edge would mark the location
of the CO snowline. No estimates of CO snowline loca-
tions are available in the literature for the LkCA 15 disk,
but estimates for other disks range from 17 to 90 AU (Qi
et al. 2013, 2015; Schwarz et al. 2016). Rather than be-
ing confined to the single narrow ring predicted by disk
chemistry models, the LkCa 15 DCO+ radial profile re-
mains relatively flat out to hundreds of AU, well past
likely locations of the midplane CO snowline. Finally,
the annular gap in H13CO+ emission in the HD 163296
disk at ∼ 200 AU is well beyond the 90 AU CO snowline
that Qi et al. (2015) estimated from N2H
+ data, which
could indicate that gas-phase CO is depleted through
some other mechanism besides CO freezeout. Using mil-
limeter observations at ∼ 0.2′′, Isella et al. (2016) iden-
tified a number of rings in the HD 163296 disk where
both the CO and dust are depleted. While the most
distant ring identified is at 160 AU, which does not ap-
pear to be an obvious match with the H13CO+ gap, our
observations are also at coarser resolution, so forward
modeling will be necessary to determine more precisely
the nature of the relationship between the H13CO+ and
CO distributions in this source.
6. SUMMARY
We present sensitive, high-resolution ALMA observa-
tions of DCO+, DCN, H13CO+, and H13CN J = 3 − 2
lines, as well as HCN J = 3−2 in the IM Lup disk, that
indicate that deuterium fractionation of these molecules
is efficient in disks and manifests in diverse forms. The
main findings are summarized below.
1. DCO+, H13CO+, and DCN are detected in all
disks, and H13CN is detected in all but the IM
Lup disk.
2. Disk-averaged DCO+/HCO+ and DCN/HCN
abundance ratios derived for the survey are on the
order of ∼ 0.02–0.06 and ∼ 0.005–0.08, respec-
tively. These high values are comparable to previ-
ous disk observations and disk chemical models, as
well as the D/H ratios measured for earlier stages
of star formation.
3. Given the high rate of DCN detections (four of
which are new) with relatively short integration
times, DCN is especially valuable as a tracer of
disk chemistry in the context of chemical evolution
because it has also been observed in cold interstel-
lar environments and within the solar system.
4. The diverse emission morphologies observed for
DCN suggest that both warm and cold pathways
can contribute significantly to its production in
disks.
5. The observations point to a cold formation path-
way dominating DCO+ production in disks. How-
ever, even though DCO+ has been proposed as a
CO snowline tracer on the basis of DCO+ forma-
tion being most favored in gas near the CO freeze-
out temperature, observations of similar central
and annular gaps in H13CO+ and DCO+ emis-
sion suggest that the ring-like emission profiles of
DCO+ may not reliably constrain the location of
the CO snowline.
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APPENDIX
A. SPECTRAL SETUPS
Details of the spectral setups and flux calibration are given in Tables A1–A4.
Table A1. Cycle 2 1.1 mm setting spectral
setup
Frequency Bandwidth Resolution
(GHz) (MHz) (MHz)
Lower sideband
241.56155 58.6 0.061
241.700219 58.6 0.061
241.767224 58.6 0.061
241.791431 58.6 0.061
245.53288 117.2 0.061
245.5634219 117.2 0.061
Upper sideband
256.3366289 58.6 0.061
257.527444 58.6 0.061
258.156996 58.6 0.061
258.2558259 58.6 0.061
258.9421992 58.6 0.061
259.011787 58.6 0.061
260.255342 58.6 0.061
260.51802 58.6 0.061
Table A2. Spectral Setup of the Cycle 2 1.4
mm setting
Frequency Bandwidth Resolution
(GHz) (MHz) (MHz)
Lower Sideband
216.37332 58.6 0.061
216.11258 58.6 0.061
217.10498 58.6 0.061
217.23853 58.6 0.061
Table A2 continued
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Table A2 (continued)
Frequency Bandwidth Resolution
(GHz) (MHz) (MHz)
218.475632 58.6 0.061
218.760066 58.6 0.061
219.560358 58.6 0.061
220.3986842 58.6 0.061
Upper Sideband
231.41027 58.6 0.061
231.3218283 58.6 0.061
231.220686 58.6 0.061
230.53800 58.6 0.061
234.935663 468.8 0.122
Table A3. Spectral Setup of the Cycle 3 1.1
mm setting for the IM Lup disk
Frequency Bandwidth Resolution
(GHz) (MHz) (MHz)
Lower Sideband
249.054368 468.8 0.244
251.3143364 117.2 0.122
251.5273023 117.2 0.122
Upper Sideband
262.00426 234.4 0.122
265.886431 234.4 0.122
Table A4. Flux Calibration Models for Quasars
Flux Calibrator Date Reference Frequency Flux Density Spectral Index
(GHz) (Jy)
J1924-2914 2014 June 9 223.34197 3.90764 -0.63934
J0150+1800 2014 June 15a 251.92326 1.22655 -0.35351
2014 July 29 223.35276 1.173892 -0.54114
2015 June 6 223.33933 2.25581 -0.32657
J1733-1304 2014 July 2b 223.33105 1.28031 -0.71777
2014 July 16 251.90750 1.130841 -0.70073
Table A4 continued
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Table A4 (continued)
Flux Calibrator Date Reference Frequency Flux Density Spectral Index
(GHz) (Jy)
aFor the 1.1 mm observations of MWC 480/LkCa 15, we found that the original calibrated data
delivered by ALMA specified the flux density model for J0510+1800 to be 1.03 Jy for all SPWs,
which is about 20% lower than the result from querying the ALMA calibrator catalogue for
the date of observation. An inquiry to the ALMA helpdesk indicated that this discrepancy was
likely due to an inaccurate retrieval of the flux densities when generating the original reduction
script. We therefore used NRAO’s analysisUtils package to update the flux density model to
the one listed in this table.
bThe calibration for the original delivered 1.4 mm HD 163296 data included a final flux rescaling
step that used a model flux density of 0.99 Jy for J1733-1304 at 1.4 mm, which is about 20%
lower than the model used in the initial flux calibration step as well as the value retrieved by
querying the ALMA calibrator catalogue. After consultation with the ALMA helpdesk, we
edited the reduction scripts to remove this final flux rescaling step. We verified that all other
calibration scripts provided by ALMA (and available in the Archive) specify quasar flux models
consistent with the ALMA calibrator catalogue.
B. CHANNEL MAPS
Channel maps are shown in Figures B1–B6.
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(a) Channel maps of H13CO+ J = 3− 2.
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(b) Channel maps of DCO+ J = 3− 2.
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(c) Channel maps of H13CN J = 3− 2.
Figure B1. Channel maps of the AS 209 disk. Contours are drawn at [3, 5, 7, 10, 15, 20...]σ, where σ is the channel rms listed
in Table 6. Red crosses mark the position of the continuum image centroid. Synthesized beams are drawn in the lower left
corner of each panel, and labels for the channel velocities in the LSRK frame (km s−1) appear in the lower right corners. Offset
from the continuum image centroid in arcseconds is marked on the axes in the lower left corner.
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(d) Channel maps of DCN J = 3− 2.
Figure B1. Continued
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(a) Channel maps of H13CO+ J = 3− 2.
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(b) Channel maps of DCO+ J = 3− 2.
Figure B2. Similar to Fig. B1, but for the IM Lup disk.
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(c) Channel maps of HCN J = 3− 2 (H13CN J = 3− 2 was not detected in IM Lup).
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(d) Channel maps of DCN J = 3− 2. Gray dashed contours mark the region where HCN emission exceeds 3σ, used as an estimate for the DCN
emitting region.
Figure B2. Continued
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(a) Channel maps of H13CO+ J = 3− 2.
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(b) Channel maps of DCO+ J = 3− 2.
Figure B3. Similar to Fig. B1, but for the V4046 Sgr disk. The red dashed ellipse traces a projected radius of 29 AU, the size
of the 1.3 mm dust cavity reported in Rosenfeld et al. (2013b).
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(c) Channel maps of H13CN J = 3− 2.
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(d) Channel maps of DCN J = 3− 2.
Figure B3. Continued
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(a) Channel maps of H13CO+ J = 3− 2.
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(b) Channel maps of DCO+ J = 3− 2.
Figure B4. Similar to Fig. B1, but for the LkCa 15 disk. The red dashed ellipse traces a projected radius of 50 AU, roughly
the size of the dust cavity reported in Andrews et al. (2011a).
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(c) Channel maps of H13CN J = 3− 2.
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(d) Channel maps of DCN J = 3− 2.
Figure B4. Continued
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(a) Channel maps of H13CO+ J = 3− 2.
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(b) Channel maps of DCO+ J = 3− 2.
Figure B5. Similar to Fig. B1, but for the MWC 480 disk.
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(c) Channel maps of H13CN J = 3− 2.
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(d) Channel maps of DCN J = 3− 2.
Figure B5. Continued
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(a) Channel maps of DCO+ J = 3− 2.
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(b) Channel maps of H13CN J = 3− 2.
Figure B6. Similar to Fig. B1, but for the HD 163296 disk. (The H13CO+ J = 3− 2 channel map appears in the main text in
Figure 5). The red dashed ellipse traces a projected radius of 2′′ to demonstrate where the H13CO+ emission breaks.
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(c) Channel maps of DCN J = 3− 2.
Figure B6. Continued
